Temperature measurements have been made in the Lokbatan crater at three locations after the explosion of 25 October 2001. The measurements were made at depths of 0.5m, 1.0m and 1.5m into the mud ejected at the time of the explosion, and have continued to be made at intervals of approximately one month.
I. INTRODUCTION A. General
In the South Caspian Basin, the general region of onshore and offshore Azerbaijan is home to over 200 mud diapirs and/or mud volcanoes. These mud structures are often associated with the production of copious oil and gas, and production wells are located on the flanks of many onshore mud diapirs. This association is no mere coincidence but is related to the dynamical development of mud diapirs and the generation, migration, and accumulation of hydrocarbons in the South Caspian Basin as has been detailed elsewhere (Lerche et al, 1997a (Lerche et al, ,1997b .
The purpose of this paper is an investigation of the thermal regime in the crestal crater of one such mud volcano, Lokbatan, that has exploded at least 18 times in the last 170 years. The paper is divided into several sections. The remainder of the Introduction will provide some general geological background related to the general area, a short history of hydrocarbon exploration and production, and a brief summary of the typical explosion parameters of the Lokbatan mud volcano, including the statistics for the latest explosion on 25 October 2001. The succeeding sections of the paper will provide information on the thermal history in the general area around Lokbatan (section II); the measurements of temperature in the crater sediments after the 25 October 2001 explosion, including instrumentation methods, measurement accuracy and temporal development (section III); interpretation (Section IV) of the crestal crater thermal data and relationship to the surrounding local data of section II. The tie-in of the thermal data to geological model consistency and to others sorts of measurements across the Lokbatan crater will be considered in section V, where a discussion and conclusions from the current series of thermal measurements are also reported.
B. Geological Background
Lokbatan mud volcano is situated south-westwards of the city of Baku and is one of the most active mud volcanoes found in Azerbaijan, being orographically an elevation with two summits.
The major mass of erupted mud breccia issues into the western part of the field where some elevations are found having resulted from previous eruptions of the volcano. Mud breccia contain rocks from Upper Cretaceous through Tertiary.
The geological structure is an anticline involving the deposits of the Absheron and Akchagil stages of the Productive Series. Tectonically, the Lokbatan mud volcano is located in the anticlinal crestal depression, with the anticline being of latitudinal trend and with dip angles steeper to the south-directed limb than to the north-facing limb.
Lokbatan manifests the most prominent mud volcanic activity. The first recorded eruption took place in 1823. Judging by the old centres of the eruptions, one can suggest that there were even earlier periods of eruption. Eighteen powerful eruptions have been reported (1823, 1864, 1884, 1887, 1890, 1900, 1904, 1915, 1918, 1923, 1924, 1926, 1933, 1935, 1938, 1941, 1954, 1959,…) ; of these the most powerful eruptions occurred in 1887 and 1954, and were distinguished by the thickness and the intensity of the products ejected. The ejected mud sheets are contained in a distribution area of around 4.7 km2; according to producing well data the total mud thickness is between 1-150 m with the thinner mud thicknesses reported from wells furthest from the current crestal region. At present Lokbatan enjoys a period of relative volcanic quiescence (Yakubov et al.,1971) .
Much has been written on the geology of the South Caspian Basin (see e.g. papers in Lerche et al., 1997a Lerche et al., , 1997b , so here we present only a brief summary pertinent to the thermal measurements in and around the Lokbatan mud volcano. Figure 1 shows the general locations of mud volcanoes in the onshore and offshore regions of Azerbaijan, while Figure 2 shows the local region around the Lokbatan mud volcano in more detail, with Figure 6 showing the explosion of 25 October 2001. The regional surface geology is shown in Figure 3 , while Figure 4 shows a cross-section of the Lokbatan mud volcano, indicating the locations of oil reservoirs, their depths and extents, as well as the corresponding well locations for the cross-section (In total, Lokbatan has more than about 1000 producing wells extending high onto the flanks towards the crest). Evolution of the Lokbatan mud volcano region is linked to both the rapid and sustained sedimentary deposition of the South Caspian Basin and also to the tectonic compression through time. 
C. Hydrocarbon Exploration and Production in the Lokbatan region
Exploration for hydrocarbons in and around the Lokbatan mud volcano started fairly early in the last century. The Lokbatan oil field was opened in 1932. Industrial development began in the east part of the field. In 1933 well #45, situated on overlying strata of mud volcanic breccia, gushed with an original daily rate of oil yield of 15,000 to 20,000 tons. Lokbatan is a multi-layer deposit: there are more than 30 independent productive horizons; all are oil-bearing and most have a gas cap. The density of oils of the Lokbatan field varies from 0.855 to 0.920 gm/cc. Today over 1000 wells are sited on the field. The Lokbatan field is currently in a late stage of development; secondary recovery methods are widely applied. (Yakubov, 1971; Yakubov and Atakishiyev, 1973) .
D. Eruptions and Flaming Eruptions of Lokbatan
The Lokbatan mud volcano is the most active in Azerbaijan; some of its eruptions have been accompanied by flames. One such eruption was described by Zhemerev (1954 ): "July 30, 1951 there was a strong eruption on Lokbatan. A crater was observed 2 days before an eruption, and no other evidence was noticed. We were at the foot of the volcano 1-2 minutes before the eruption. Bagirov and Lerche (1999) . 
II. THERMAL INFORMATION BEFORE 25 OCTOBER 2001
In the region surrounding the crestal domain of the Lokbatan mud volcano, during Soviet times (prior to 28 May 1990) the production wells were continuously monitored at about 500m depth for temperature in the boreholes because of production concerns (oil viscosity, SO 2 , solubility, etc.,) as functions of temperature. While much of the available data so obtained were considered confidential, and while the current availability of downhole temperature data since Azerbaijan independence is less than optimal, nevertheless there is available a local map showing heat flux values for the wells in the neighbourhood of Lokbatan (Sukharev et al., 1969 , Yakubov and Atakishiyev, 1973 , Yakubov et al., 1971 ). This map is reproduced here in two forms: Figure 5a shows the borehole determined heat flux values in relation to structural contours, while Figure 5b shows contours of heat flux values determined from the borehole data. To be noted from Figure relative to regional in the Lokbatan diapir itself Lerche, 1998, in Lerche et al, 1998) or of a variation in the thermal gradient (due, perhaps, to convective overturning in the unconsolidated low viscosity Paleogene-Miocene formations, as argued by Guliev and Kadirov (2000) ); or by an enhanced local heat source (such as from radioactive materials) because there was an increase in broad spectrum g -ray emissions at the time of the 25 October 2001 explosion of Lokbatan, from a crestal crater background level of 8 g -ray counts/sec to 28 g -ray counts/sec (measured by the authors) with a return to the background level in a few days. Without further study it is not clear which alternative is to be favoured. Investigations of the temperature fields of mud volcanoes in Azerbaijan were started at the beginning of the last century. However, since 1992 special, more focused research has been carried out on 29 mud volcanoes of eastern Azerbaijan.
Temperature measures of mud volcanoes in Azerbaijan were first mentioned in 1904 -1905 (Krasnov, 1905 . It was remarked that the water temperature of mud volcanoes could be compared with average annual temperature at the locality (Abramovich, 1915; Shnyukov and Lebedev, 1971) .
Different anomalies of geothermal field were recorded in areas of mud volcanism development. Mud volcanoes are known by the high value of heat flux density. At the same time, in regions of mud volcanism development, regional values of heat flux density are generally below median continental values. Values of temperature gradients defined in the depth interval 0.3 -1.5 m are very high, and very variable, ranging from 0.02 -21.25ºC/m. There is also a diminution of temperature gradient with depth (Mukhtarov, 2002) .
Mud volcanism is one of the major factors influencing the geothermal conditions of the deep formations. Numerous works devoted to the geothermal investigations of gas and oil deposits of Azerbaijan have described the influence of mud volcanoes on the geotemperature conditions of the deep formations (see e.g. papers in Lerche and Bagirov, 1997a) . In the Absheron gas-and oil-bearing region that is the most studied geothermally, the zone of anomalously high temperatures and low values of geothermal gradients are confined, as a rule, to the localities influenced by mud volcanism.
The eruptive mechanisms of mud volcanoes and the great numbers of fractures and faults extending from them, can be inferred to provide heat conduction pathways from underlying formations, as supported by the observations of confinement of local thermal maxima to sites in the vicinity of mud diapirs. Thus for instance, in the Balakhany-Sabunchi-Ramany region, the temperature differences in the vicinity of mud volcano Bog-Bogha (in a fold-depression crestal region) and on the flanks is 4-5ºC. In the Bibiebat area, in the vicinity of the mud volcano of the same name, the temperature differences were 3-4ºC higher than on the limbs. The same is also true for Lokbatan, Zykh, Gum Adasy, and Neft Dashlary. Thus, the movement of thermal masses along the eruptive pathways of mud volcanoes and along large tectonic ruptures caused the positive temperature anomalies.
Prior to the explosion of 25 October 2003, background thermal measurements at a depth of 1 m had been made on 31 August 1995 along two traverses crossing the crater crestal region. Outside the crater region the temperature along both profiles varied from 18.9ºC to 28.3ºC, while in the centre of the crater the temperature at 1 m depth was 25.2ºC, all much lower than the prevailing summer air temperature of around 35ºC.
The geothermal investigations, and the result of experimental determinations of thermal conductivity properties of rocks, also make it possible to evaluate the magnitude of thermal flows in wells at a number of fields on the Apsheron Peninsula. Thus, for the Lokbatan field, thermal flows at 23 sites, uniformly arranged along the structure, have been obtained. Near the vent of the volcano two wells were subjected to geothermal investigations (Fig. 5a ). For these wells the maximal values for thermal flow have been noted for the Lokbatan structure, 2.6 and 1.96 HFU (1HFU = 42mW/m 2 ), which is quite credible provided that the roots of the volcano are in deposits of Upper Cretaceous age, occurring at great depth (>3-12km?). The eruptive process also brings about intense heat transmission from the root region along with observed rock fragments of the same age.
A somewhat higher value for the thermal flow, 1.83 HFU, has been found in wells bored in regions near the crest of the structure. Along with the dominant influence of this most common tectonic factor on the intensity of the heat flow (the north-facing, comparatively gentle sloping, limb is uplifted and slightly overturned on the steeper, south-facing, limb), this phenomenon can also be associated with the fact that only a narrow band, extending along an axis westwards of the volcano, is subjected to mud volcanic activity and its consequences. Here the rocks are crumpled to a considerable depth, broken by fractures and filled with mud breccia.
The variations in the distribution of thermal flows studied allows one to discern the close relation between the values and some characteristic features of the geological structure. Thus, the gently dipping eastern pericline is characterized by rather low values of thermal flows. The thermal flow attains its greatest magnitude in the vicinity of the mud volcano. In wells located not far from the volcano it has somewhat greater values (1.86 HFU) within the fraction of the southern limb that is the steepest. For the gently dipping northern limb these values do not exceed 1.72 to1.79 HFU.
Lokbatan mud volcano is one of the most active volcanoes on the Absheron Peninsula, therefore the wells put down near it give the highest values of the thermal flows in comparison with other structures complicated by mud volcanoes (Yakubov et al.,1971) . As far as we have been able to ascertain there has not been a systematic quantitative study of conditions in the Lokbatan crater itself either prior to or after an explosion, and no long time study of thermal behaviour. Overall the ejected mud is not only desiccated by later high air temperatures but has also been eroded by rain, yielding a hummocky surface cut through by small canyons (about 10 cm across and up to metre scale in length and tens of cm deep); the individual hummocks are about 10-20 cm across. Thermistor probe measurement have been made approximately every 30 days, but during the rainy period of April/May 2002 no measurements were made. Indeed, the re-liquefied mud was so hazardous that an approach to the crater could not be made at all during rainy periods or for days afterwards until the mud again dried out.
III. CRESTAL CRATER THERMAL MEASUREMENTS

B. The Explosion of 25 October 2001
C. Thermal Measurements in the Crater (i). Method
Thermal probes of length 1.5 m were used to obtain temperature measurements. The thermal probe consists of a metallic steel pipe, with a diameter of 15 mm. The thermally sensitive element is a copper thermal resistor situated at the end of the thermal probe inside the head. Calibrating of the thermo-resistors was made before the field work using a thermostat with precision of 0.01ºC, obtained from a mercury thermometer with marker precision of 0.01ºC. Laboratory measurement were carried out by a Wheatstone bridge to provide a resistance to temperature conversion. Field measurements were done in the mud volcano crater near the eruption site. There are mostly partially dried mud and loose clayey rocks in this area, which allowed easy probe insertion. The probe was initially inserted to a depth of 1.5m, allowed to equilibrate (typical residence time of 10-15 minutes), the temperature obtained by balancing the Wheatstone Bridge, and the probe then moved to depths of 1.0m and 0.5m, respectively, and the measurement process repeated.
Computer calibration tables, based on the laboratory standards, were used to convert electric resistance, R of the thermo-resistor temperature T(ºC) using:
( 1) where A and B are laboratory determined constants, which provides an error of measurements not more the 0.01ºC (Mukhtarov and Adigezalov, 1997) . 
(ii) Measurements and Locations
IV. THERMAL DATA INTERPRETATION
The thermal observations with time after the 25 October 2001 explosion, plotted in Figure 7a-7c , are open to several interpretations. We present here two of the extremes so that some idea is available of the range of possibilities. The two extreme possibilities considered are (i) a systematic cool-down with time after the initial explosion with no further complicating factors;(ii) a re-heating of the surficial layers after the final explosion due to further, more minor, flame events. As we shall demonstrate directly, the available thermal data are somewhat ambivalent in terms of either interpretation, suggesting that more detailed thermal measurements and other types of measurements are needed to help resolve the uncertainties.
(i). A Systematic Cool-down Model
If the thermal behaviour with time in the crater is regarded as a systematic cool-down after the initial explosion phase, then one might consider the temperature, T, with respect to time t (with t = 0 marking the end of initial flame explosion at about 1145GMT + 24 hrs, 25 October 2001), to be given by:
T(t)=T B +(T A -T B )exp(-t/t ).
where T A is the temperature of the crater material at the time t = 0 of primary flame explosion termination; T B is the background temperature long after the explosive phase; and t is the cool-down time estimate. Such a basic cool-down model has been best fit to the temperature data at 1.5 m, 1.0 m, and 0.5 m, as shown in Figures 7a-7c . The results are the best-fit curves superposed on the data as in Figures 8a-8c for each of the three locations. The results, while not providing a perfect fit to the data available, do suggest an overall cool-down time of typically t = 650 ± 100 days to reach a background temperature of around 35ºC. An alternative behaviour is a constrained cool-down model. The reason for considering such a model is that, two days after the initial explosion, thermal measurements were made in the crater (although not at locations A, B or C that were too hot to approach with continuing flaming activity) near the crater walls. A temperature of about 70-72ºC was recorded there. It could be argued that such a temperature represents a minimum temperature for all more central crater locations. Accordingly, a constrained cool-down model was used with the initial temperature set at 70-72ºC. These cool-down results are shown in Figures 9a-9c for locations A, B and C. Again the fits to the data are not very good but, if such a cool-down model is considered appropriate, one has again a rough cool-down time of around 600-1300 days.
In either situation of constrained or unconstrained cool-down models, the implications are two-fold; (i) a cool-down time of about 2-3 years is appropriate based on measurements over the first 220 days after the explosion; (ii) the fits to the observed data of such cool-down models are not very good suggesting that different models are appropriate to consider.
(ii). A Re-Heating Model
There are sufficient, statistically significant discrepancies between the cool-down best fit curves given above and the actual data at locations A,B and C for all three measurement depths of 1.5, 1.0 and 0.5 m that at least one alternative model is also viable. Figures 10a-c. While the fits are extremely good to the limited data available, they provide several conflicting pieces of information -such as initial inferred temperatures ranging from 14ºC to 60ºC in the case of location A, crossing of temperature curves from different depth regimes for all three locations, and multiple crossings for location A. Such conflicting measurement inferences could be due subsurface gas flow and expansion before igniting at shallower depth (so producing Newtonian flow cooling and adiabatic gas expansion cooling) but are also possibly due to the scarcity of thermal data, so allowing very unconstrained polynomial fits. To explore this latter possibility, constrained polynomials fits to the data for locations A, B and C were done, with the constraint of an initial temperature lying between 69-72ºC, in accord with the isolated site measurements obtained on the second day after the primary explosion.
These polynomial fits are shown in Figures 11a-c for locations A-C, respectively. The common thread that is observable for all of the different depth measurements at all three locations is the presence of a broad minimum in temperature between about day 60 to day 180 with a rise thereafter through day 215. While no one depth set of measurements at one location provides a sharp indication of a minimum, the single constraint of an initial temperature range permits all 9 sets of temporal measurements to produce the same broad minimum over the same temporal region, suggesting some statistical significance to the combined results. Physically it is possible that the effect represents a broadly-based cool-down to around day 150 with subsequent re-supply of further gas and re-heating thereafter (there is still a significant flaming hot spot in the crater at day 215 so gas must still be supplying fuel to the flame). Without further data over a broader range of times than the current 215 days, it just is not possible to constrain the system behaviour further, although unsupported speculation is always possible of course.
ENERGY EXPLORATION & EXPLOITATION
(iii). Thermal Profiles Across the Lokbatan Region
Apart from the ongoing thermal measurements in the Lokbatan crater, soon after the initial explosion two thermal transects were undertaken running roughly east-west and north-south, respectively. Figure 12a shows the transects and measurement stations in relation to the total mud flow boundary, the crater walls and the central hot crater (shaded). Some proposed stations were inaccessible due to shifting mud, crenellations within the mud flow, steep crater wall unstable topography, and minor flame eruptions. Accordingly not all stations record temperatures at all three probe depths of 0.5 m, 1.0 m, and 1.5 m. Figure 12b shows the temperature measurements across the east-west profile (labelled I-I' on Figure 12a ), where the distance (in m) for each station is measured from the westernmost point; while Figure 12c shows the corresponding temperature measurements along the approximately north-south profile where the distance (in m) is measured from the last measurement station at the southern end of the profile (position II' on the profile II-II'). Measurements on profile I-I' were taken on 28 November 2001 while those on profile II-II' were obtained on 18 December 2001.
The measurements at each site on the east-west profile at 1.0m depth show a consistently high temperature of around 55±5ºC, indicating that the mud at that depth had not yet cooled much a month after the explosion of 25 October 2001. By contrast, the measurements at 0.5 m are broken due to lack of mud support for the thermistor probe, while the broken series at 1.5 m depth is an indication that it was just too hot to spend the required time to obtain the measurements (60ºC is stinging hot against human flesh).
By mid-December (18Dec 2001) the mud had cooled sufficiently that it was possible to complete the N-S thermal section. The crater measurements show elevated temperatures of 47ºC (0.5 m), 53ºC (1m), and 58ºC (1.5 m). with a systematic cooling within about 100m of the crater, indicating either thermal cooling of the ejected mud or rain enhanced cooling by infiltration. The background temperature of 35±3ºC has been reached.
It would appear that 3-5 m of mud cover is not sufficient to retain a thermal imprint much longer than a month after the explosion, except in the crater itself. Whether that continued crater imprint is due to slower cooling or reheating is unknown as discussed earlier.
V. DISCUSSION AND CONCLUSION
This series of temperature measurements with time in the Lokbatan crater, plus the two regional profiles, represents the first time that the thermal history has been followed so intensively following a mud volcano explosion. The background regional temperature and heat flux measurements from production wells provide a firm basis from which the thermal changes can be compared after the explosion of 25 October
2001.
Three major factors stand out from the thermal measurements. First, the profiles across the volcano crater and surrounding ejected mud flow indicate that, except for the crater region, the external mud of 3-5 m thickness undergoes relatively rapid cooling, reaching pre-explosion background temperatures over the course of a month or two. Second, the crater region does not undergo such rapid thermal cooling. If a thermal cooling model fit to the crater data is attempted, the corresponding cool-down time is around 2-3 years, but the data fit is not particularly good, suggesting that the crater sediments are possibly just not cooling. Equally, if either constrained or unconstrained polynomial fits to the crater data are attempted, in order to allow for reheating events that provide consistency with the on-going central flame and the known minor flaming event outbursts, then there is some general consistency for the constrained thermal model. The implication here is for a cooling until about 150-180 days after the primary explosion, and a re-heating event in the last 45-60 days.
Third, the "gaps" in the data, due either to rain making it impossible to get to the crater sites or due to flame outbreaks, allow multiple possible interpretations, but are consistent with the transect information, which indicates cooling of the mud external to the crater but a different behaviour for the internal crater cooling and/or heating.
Clearly, gas must still be upwelling from the volcano to feed the flame (currently around 0.5-1.0 m high) over the last 8 months, so that the thermal regime cannot be one of simple cooling after a single thermal explosion. Precisely how this continued gas supply is related to geodynamic models of mud flow from depth (>3-6 km?) in the Lokbatan mud volcano, and precisely how the dynamics and recharging of the gas and mud flow operate in a roughly cyclic manner, need further and more detailed observations than are presently available.
In this regard, both geodynamic and gravimetric records have also been made in the general region. The detailed information and inferences they provide argue for a "sloppy" unconsolidated region at around 3-6 km depth that is the source of both mud and entrained gas flow. A more quantitative discussion of these investigations will be reported later.
Currently, thermal observations in the Lokbatan crater continue on a roughly monthly basis in the hope that better discrimination between competing thermal models (cooling versus re-heating) may be sharpened with such data over the next year or so.
